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Abstract Shock waves have been used to determine
material properties under high shock stresses and very-high
loading rates. The objectives of the present experiments
were to obtain information on the mechanical response of
aluminum at shock stresses approaching and in the solid–
liquid mixed phase regions, which is not routinely available
with other methods. The accurate determination of com-
pressive strength under shock compression has proven to
be difficult due to the need for accurate reshock experi-
ments from the initial shock state, with the consequence
that estimates of shear strength have been limited to rela-
tively low stresses. In this investigation, we have signifi-
cantly improved the shock/reloading technique to obtain
high quality data on reloading from the shocked states for
initial shock stresses up to about 80 GPa. This has allowed
the first self-consistent determination of the shear strength
and the initial shear stress state of aluminum in the shocked
state in this stress region. In addition, unloading experi-
ments have been extended to over 140 GPa to understand
how the strength of the material behaves when shocked
beyond the solid–liquid mixed phase boundary. The com-
bined wave velocity and strength data provide estimates of
the onset and completion of shock-induced melting.
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Introduction
The term ‘‘material strength’’ has been describe in many
different ways. The initial yield strength represents the
uniaxial stress (obtained at low to moderate strain rates
using a variety of techniques such as tensile loading and
Hopkinson bar) to induce a change in mechanical response
from elastic to plastic deformation. For a Von-Mises solid,
the yield strength is equal to twice the shear strength
(Y = 2sc) and represents the maximum shear stress that
can be supported before plastic yielding. Many of the
concepts developed at low shock stresses and rates have
been applied to materials that undergo high strain-rate
dynamic deformation, as in uniaxial strain shock experi-
ments [1]. Assuming uniaxial strain loading, the shear
stress of an elastic–plastic material produced just after
elastic yielding (produced by shock compression) is
assumed to be equal to the shear strength, sc, represented
by the point ‘‘1’’ in Fig. 1. It has been inferred however [2–
5] that the shear stress state is usually not exactly equal to
the critical shear strength and is therefore not on a yield
surface as shown in Fig. 1, but at an intermediate state,
illustrated as state 2 in Fig. 1 (referred to as shear stress,
sH). This deviation from the elastic–plastic model has been
hypothesized based on observed quasi-elastic (QE)
recompression from the shock state [2, 6] which should be
strictly plastic based on the elastic–plastic model. [2] A
number of investigations conducted over the past three
decades have indicated this assumption to be a realistic
representation of dynamic material response. To analyze
the response represented by state 2 in Fig. 1, it is necessary
to make several assumptions (described in ‘‘Experimental
Results’’ section).
Based on the those assumptions, during unloading from
state 2, the shear stress change before yielding at -sc is
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referred to as QE since experiments show it is not strictly
elastic as in the elastic–plastic model. The shear stress
change from state 2 to plastic yielding at the -sc yield
surface is Ds = sc ? sH. Reloading from state 2, the shear
stress change during this reloading from sH to the upper
yield surface at ?sc will be DsR = sc - sH. The objective
of the present work is to determine both the critical shear
strength, sc and the shear stress state, sH, by performing
shock loading to state 2, followed by unloading or
reloading.
This is an improvement over earlier studies where high-
quality reloading experiments turned out to be very diffi-
cult so that often only unloading was used to estimate
material strength (Y), which implicitly assumes that
sH = sc. It should be noted that sH can actually be zero, in
which case the shocked state is purely hydrostatic so that
the unloading and reloading response would be symmetric,
and the assumption that the initial state is on the yield
surface would lead to factor of two errors in estimating
yield strength from unloading experiments alone. The
combination of the two experiments also provides a viable
technique to determine the dynamic hydrostat [4, 7, 8]. In
the present study we have extended the shock/reshock
techniques to shock stresses of around 80 GPa, which is
attained at two-stage gun symmetric impact velocities of
about 6.3 km/s.
The present research also provides the first combination
of unloading and reloading wave profile data obtained in
6061-T6 aluminum to states near shock-induced melting,
which allows deduction of the flow strength of solid alu-
minum during transition to the liquid phase. The new
results cover the shock stress range of about 40 GPa
through the solid–liquid mixed phase regions to
*160 GPa. Three different observations reported are used
to identify the change in material response related to the
onset of melting, which occurs at approximately 115 GPa;
these include (1) transition of the initial loading or
unloading wave speed measurements which approximates
the elastic longitudinal velocity at the shock stress; (2) the
change in shear stress (sc ? sH) during unloading; and (3)
estimates of Poisson’s ratio from the estimated longitudinal
and bulk velocities in the shock state, all of which provide
information on the melt process and support theoretical
estimates of the onset of shock-induced melting.
In this study, two and three-stage light gas guns are used
to investigate the strength of 6061-T6 aluminum from the
initially full solid at about 40 GPa, up to and through the
solid–liquid mixed phase region. Where applicable i.e., at
two-stage gun impact velocities, reloading and unloading
techniques were utilized to estimate the two unknowns sc
and sH. The self-consistent method [2, 9] was used to
estimate material strength. In addition, an approximation of
this method provides additional information on strength
variables, such as the QE strain associated with yielding at
high shock stresses.
Material
Commercially available targets and impactors (used in all
unloading tests) of 6061-T6 aluminum alloy, with a com-
position of: 94.5 wt% Al, 1.1 wt% Mg, 0.68 wt% Si,
0.6 wt% Cr, 0.49 wt% Fe, and 0.38 wt% Cu, were studied.
The equation of state (EOS) parameters used for the
analysis of the aluminum symmetric impact tests, were
obtained from the Sesame 3700 EOS library [10]. The
material properties for the aluminum and lithium fluoride
(LiF) are described in Table 1 where co is constant. The
material used for the two-stage light gas gun unloading
experiments was an aluminum impactor backed with a low-
impedance plastic backing, polymethylpentene (TPX). The
reloading experiments require a higher impedance material
backing to the aluminum impactor, which was oxygen free
high conductivity (OFHC) copper (titanium backing was
used in one case).
The reshock configuration incorporated a novel
approach using an explosively welded combination of
aluminum and copper manufactured by High Energy
Metals, Inc. (Sequim, WA). Explosion bonding is used for
the metallurgical joining of dissimilar metals (copper and
Fig. 1 Depicts assumption of upper and lower yield surfaces. Actual
shear stress has been inferred to lie between yield surfaces
Table 1 Material properties for aluminum and lithium fluoride
Material qo (gm/cm
3) Co (km/s) S co
6061-T6 [10] 2.703 5.33 1.37 2.14
LiF [11] 2.642 5.15 1.35 1.50
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aluminum for the reloading experiments for this paper).
The process uses the forces of controlled detonations to
accelerate one metal plate into another at a slight angle,
creating an atomic bond between the two materials usually
with an interlocking surface structure. Explosive welding is
considered a cold-welding process which allows metals to
be joined without losing their pre-bonded properties.
Though the strength of the bond will be approximately that
of the aluminum, it is the impedance of the material that is
of significance and not the strength of the bond. When the
shock wave in the impactor arrives at the interface the
higher impedance copper, it will reflect it as a reshock
wave. After the welding process, the aluminum-copper
plate was fabricated into six 25 mm diameter discs and the
thickness of each was dimensioned according to experi-
mental specifications. One of the discs (prior to final
dimensioning) was used for material characterization with
optical microscopy and SEM analysis. Figure 2 shows a
mosaic of the sample used for this purpose.
The process for making these reloading impactors was
such that a 1 mm thick layer of 6061-O (annealed) was
explosively bonded to the copper followed by explosively
bonding the composite structure to a 19 mm thick 6061-T6.
The resulting microstructure showed three distinct layers,
shown in Fig. 2b, which are the 6061-T6, 6061-O and
copper representing layers 1, 2, and 3 respectively. Anal-
ysis from the backscattered SEM image (Fig. 2a showing
layer 1 and layer 2) of layer 1 indicates a different chem-
istry (Zn, Mn and Si concentrations) from layer 2, but is
still consistent with 6061-T6 aluminum. The layer 2 region
(zoomed) shown in lower portion of Fig. 2c has much
smaller deformed grain size and is consistent with the
6061-O condition.
The bonding layer between layer 2 and layer 3 (copper)
was measured to be less than 25 lm. The 25 lm thickness
of the bond will make the reshock wave initially appear as
an ‘‘isentropic’’ wave which will shock up quickly to the
reshock wave due to material non-linearities. The local
hardness for layers 1 and 2 were estimated to be 136 and 68
(knoop hardness test) which is consistent with aluminum of
T6 and type O values respectively.
For the optimal impact condition, the impactor should
be totally aluminum 6061-T6 (matching the target),
approximately 1 mm thick. However, the 6061-T6 layer,
shown in the upper portion of Fig. 2b, was removed by
machining to obtain the desired impactor thickness. Since
the intention was to have a perfectly symmetrical impact
where the same materials would be used for the target and
impactor, this turned out to be not possible and what was
done to evaluate the explosively bonded impactor for
reshock studies was to (1), realize that the aluminum
impactor on the reloading test will add a very small
uncertainty [12] in the analysis and (2) perform an exper-
iment with 6061-T6 and a glued titanium backing material
at the same pressure state to verify the uncertainty pro-
duced by the explosive bonding process.
Experimental Technique
Plate impact experiments were performed using two and
three stage light gas guns [13–15]. Impact velocities on the
two-stage gun were measured to better than 0.2 % [16]
while the flyer plate velocity on the three-stage gun was
determined to within *2 % [17, 18] using the finite dif-
ference hydrodynamic code CTH [19]. The experimental
configuration used for the reshock and release experiments
is shown in Fig. 3. To achieve the shock stress range of
interest and maintain well-defined initial planar shock
loading followed by either planar unloading or planar
reloading, two types of impact configurations were used.
The backing material for the unloading and reloading
experiments on the two-stage gun were described earlier,
while the three-stage flyer allowed full release from the
shocked state due to its rear free rear surface. The exper-
imental configuration used for the experiments on the two
and three stage guns are shown in Fig. 3. The two-stage
gun configuration allowed shock loading release and
Fig. 2 Explosively bonded reloading impactor is shown in its initial
condition, prior to machining, in a, b, and c. Three distinct layers are
shown in b and are labeled as Layer 1, 2 and 3 where layer 1 is the
6061-T6, layer 2 would be the 6061-O and layer 3 would be the
OFHC copper. Layer 2 provides indications of grain size and in
c which confirms the 6061-O material
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reshock (Fig. 3a) for symmetric impact to nearly 100 GPa,
while the three stage configuration (Fig. 3b) produced
impact shock stresses (approximately symmetric impact
with aluminum) to 160 GPa. Lithium fluoride (LiF) win-
dows were used because (1), this window has well known
mechanical and optical properties [11] and (2), it has an
impedance close to that of aluminum. Because of the
similarity of the impedances for LiF and aluminum, cor-
rections necessary to estimate in situ wave profiles are
negligible [3].
The velocity interferometer system for any reflector [20]
(VISAR) was used to measure the time-resolved particle
velocity at the window-sample interface, as shown in
Fig. 3 for the unload and reload experiments [2, 9]. This
system provides good time resolution to address the QE
recompression issue. It also provides accurate measure-
ment of shock stress rH, since the shock Hugoniot of LiF
[11, 21] is accurately known. The particle velocity mea-
suring systems used for all experiments were double delay
interferometers with sensitivities that varied from 0.047 to
1.79 km/s. The ultra-high sensitivity of 0.047 km/s was
used to completely resolve the QE velocity region and
transition to bulk response. This results in a particle
velocity accuracy of 0.2 % [20] depending on actual
velocity. The corresponding time resolution was limited by
the recording oscilloscopes to ±0.5 ns.
Experimental Results
The experimental results are summarized in Table 2.
Sample thickness, and impact velocities for companion
reshock and release experiments were kept as similar as
possible for analysis. Symmetric impact provides deter-
mination of in situ particle velocity behind the shock front
which is exactly one-half the measured impact velocity.
The error represented by this assumption is small (\1 %)
in the two-stage work, however the three-stage flyer
velocity experimental error bars will be higher (*2 %) due
to the additional uncertainty in calculating the flyer
velocity [17, 18] which is based on the measured graded
density impactor velocity. Additionally, for the three-stage
experiments, the flyer-plate will be warm due to a small
initial shock produced during initial impact of the graded
density impactor; hence a Hugoniot for a warm flyer-plate
is needed for the analysis. It has been shown, however, due
to small temperature increases [22, 23] the density change
in the aluminum three-stage flyer is less than 0.2 %, and
can therefore be ignored for the initial analysis. The par-
ticle-velocity measurements based on aluminum symmetric
impact experiments and the published EOS parameters
[10], Hugoniot stress rH and strain e were determined and
listed in Table 2.
The composite particle velocities at the window/target
interface are plotted in Fig. 4 for the two stage and three
stage gun experiments. The particle velocity profiles rep-
resent shock states from nominally 40 to 80 GPa for two-
stage tests and 115 to 160 GPa for the three stage experi-
ments. All the two stage (unload and reload) experiments
indicate that the initial release or reload from the shock
state exhibits an elastic response as indicated by compar-
ison of the measured initial unloading velocity with the
expected elastic longitudinal velocity at that shock stress
level. Similar initial elastic behavior is observed in all the
three stage release experiments except possibly for the
145 GPa experiment, but definitely not in the 160 GPa
experiment (from previous work) which indicated initial
bulk release. However, it should be noted that the initial
elastic velocities for impact stresses near an in the solid–
liquid mixed phase region indicate an increase in Poisson’s
ratio, as will be discussed.
This initial QE release observed in nearly all tests is
consistent with previous studies on aluminum [2, 3] and is
typical of other metals such as beryllium [26], copper
[27], tungsten [28, 29], and even within ceramics [4, 7,
30]. In analyzing the unloading and reloading profiles to
estimate strength properties, it is usually assumed that the
initial release from the shocked state is also isentropic,
which is a good assumption for both QE and plastic
unloading and reloading waves because the stress
Fig. 3 a Experimental
configuration for unloading and
reload and experiments on the
two stage light gas gun, and
b configuration for the three
stage gun flyer plate
experiments
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deviators make a relatively low contribution to entropy or
temperature increase [31]. The assumptions used to
deduce strength properties are [2, 3, 6], (1) a yield surface
exists for the material after shock loading, which is
experimentally determined/detected as a transition from
QE to plastic response. A related assumption is that the
yield surface remains symmetric (2) the yield function
Y depends on some measure of plastic strain or/and
pressure, and minimal plastic work hardening during QE
unloading or reloading is assumed; (3) QE reloading and
unloading from the shocked state are rate-independent; and
(4) the initial shear stress state produced after shock loading
is assumed to be given as sH. This is not necessarily equal
to the shear strength at the shock state so that the shock-
induced initial shear stress is not necessarily on the yield
surface. However, the critical shear strength, sc, is on the
yield surface and may be different from sH. It is noted that
in the original elastic–plastic model [1] sc = sH.
Table 2 Summary of shock





d (mm) r (GPa) (e) CL
e (km/s) CB
e (km/s)
ALHUa 2.99c 3.025 2.023 29.87 0.2035 11.67 9.41
ALRL-1 4.03 2.987 1.031 43.89 0.2495 12.85 10.53
ALRS-7 4.05 3.043 0.932 42.10 0.2444 13.09 10.74
ALRL-A5a 4.41 3.987 2.074 49.66 0.2648 14.16 11.21
ALRL-2 M 5.20 2.502 1.026 62.33 0.2933 14.86 12.16
ALRL-2D 5.20 2.979 1.024 62.28 0.2933 14.42 12.08
ALRS-2_Ti 5.20 2.502 1.026 62.26 0.2931 14.93 12.53
ALRS-4 5.36 2.865 1.009 64.95 0.2985 14.99 12.77
ALRL-3 6.07 2.504 1.029 77.55 0.3208 15.94 13.05
ALRS-5 6.21 2.865 0.988 80.25 0.3251 16.21 13.92
ALFLY-1 7.97 2.037 0.979 115.79 0.3707 18.75 16.40
ALFLY-2 8.16 2.088 0.996 120.00 0.3750 18.41 15.97
ALFLY-3 8.73 2.014 1.003 132.93 0.3874 18.10 16.87
ALFLY-4 8.48 2.456 1.003 127.18 0.3821 18.34 16.89
ALFLY-5 9.28 2.458 1.001 145.99 0.3986 18.33 17.69
HV-L1a 9.95 1.988 0.985 161.52 0.4250 18.59 18.58
a Experiments ALHU and HV-L1performed by Huang [24] and Furnish [25] respectively
b Impact velocity for two and three stage gun experiments. Shot designator, ALFLY, represents calculated
flyer plate velocities for three stage gun
c Projectile velocity not measured. Velocity determined from impedance matching window velocity to
target/impactor symmetric impact conditions
d Target (x2), impactor thickness (x1)
e Longitudinal and bulk Lagrangian wave speed measurements used for estimating shear-stress changes
(a) (b)
Fig. 4 Two stage release/reshock wave profiles (a) and three stage release wave profiles (b)
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Estimation of Shear Stress
For uniaxial strain shock loading, the resolved shear stress,
s, is defined as the difference between the principal stresses
in the longitudinal (x) and transverse (y) directions
2s ¼ rx  ry ð1Þ
and after yielding occurs this will be equal to the critical
shear strength sc, (sc = 1/2 Y), where Y is the current value
of yield or flow strength at the corresponding shock stress
and strain state. Following the self-consistent method [6,
9], the shear strength in the shocked state can be deter-
mined from analysis of unloading and reloading profiles.
From the elastic–plastic relation [1], the relationship
between shear stress, longitudinal stress and pressure for










where r is the longitudinal stress, P is pressure, and e is
engineering strain defined as 1-q0/q. Equation 2 allows
determination of wave velocities associated with a given
increment of stress or strain. From the definitions of
Lagrangian unloading or reloading wave speeds, c, and
Lagrangian bulk wave speed, cB, [2] a differential equation







which applies to the response for unloading or reloading
from the shock state. In both cases the response during the
QE portion of the unloading and reloading is assumed to be
isentropic so that Eq. (3) applies. From the assumptions in
‘‘Experimental Results’’ section, the unloading and
reloading experiments provide two independent integrals
for applying Eq. (3). It is assumed that the Hugoniot state
is described by the variables, (rH, eH, sH), where sH is the
resolved shear stress at this state, as mentioned above. With
this assumption, the shear stress changes from sH during
QE unloading to -sc, which is on the lower portion of the
inverse yield envelope and represents the onset of full
plastic unloading. For QE reloading, the shear stress will
increase from sH to the critical strength, ?sc, on the upper
yield surface (depicted in Fig. 1). These relations allow
determination of the resolved shear stress, sH, at the
shocked state and the critical shear strength, sc at the
corresponding state through measurement of the Lagran-
gian wave velocity, c, in the QE regions for unloading and
reloading. The bulk wave speed, cB, in this region is esti-
mated by extrapolating the measured plastic (unloading
and reloading) wave speeds (Fig. 5). This requires inte-
gration as a function of strain [2, 3] because the different
components in the elastic–plastic relation apply to a
specific strain. In practice, it is easier to work in the wave
velocity versus particle velocity plane to estimate the bulk
speed in the QE region because the bulk wave speed is
linear over larger ranges in this plane. Integrating Eq. (3)
over the two QE regions gives:


















When the wave velocities are accurately measured, the
above equations allow accurate, (referred to as ‘exact’ in
the following discussion) estimates of the change in shear
stress for unloading and reloading. In some experiments,
the wave velocities may not be accurately measured, but
the unloading and reloading profiles still contain a specific
QE unloading response, as shown in Fig. 5, that can be
used to estimate shear stress. It has been previously shown
[33] that a very good approximation to the integral can be
obtained when the wave velocity variation is linear with
particle velocity in the QE region. The resulting relations
used to estimate the shear stress change for unloading and
reloading is referred to as the ‘approximate-method’. The
high quality of the unloading and reloading data obtained
in the present experiments allows an accurate assessment
of the accuracy of the approximate technique in estimating
high pressure strength of aluminum. The corresponding
approximate relations for unloading and reloading are
given as [33].


















2(eH) is the Lagrangian elastic longitudinal velocity
at the shock state, cB is the corresponding Lagrangian
elastic bulk speed at this state, DuQE is the change in
particle velocity for QE unloading or reloading, and cQE
and C~QE are the average wave velocities in the QE region
for unloading and reloading respectively.
Previous comparisons of the approximate and exact
estimates of shear strength have shown good agreement at
lower peak pressures [32, 33]. In the present experiments,
the comparison has been extended to 145 GPa, which is
shown in Table 3. It is found that the correlation is still
very good, being on average about a 1–5 % difference
between the exact and approximate strength estimates,
although individual variations can be as high as ±20 %.
The QE engineering strain during unloading is given by
the ratio of the particle velocity change in this region,
divided by the average QE wave velocity. Previous studies
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[32, 33] have shown that the true QE strain, which is the
engineering QE strain multiplied by the ratio of final over
initial density, is relatively constant with stress. For ramp
loading of LiF [32] found that the true QE strain was
essentially constant at a value of 0.013 at loading stresses
to over 100 GPa.
Figure 5c gives the measured Lagrangian unloading and
reloading wave velocities obtained on an example of
unloading and reloading experiments. The initial velocity
from the shocked state is assumed to be elastic, as earlier
mentioned, and the transition to plastic response is apparent
from the cusp at states u1 and uR for the unloading and
reloading respectively.
The bulk velocities in the elastic regions can be esti-
mated by linear extrapolation from the lower portion of the
profile, as shown by the dashed lines (from u1) in Fig. 5a, c.
The QE portion of the unloading and reloading wave
profiles are used to directly determine the QE wave speed
c needed for Eqs. 4 and 5. The bulk wave speed cB over
after the QE response for both cases (unloading, reloading)
was evaluated from the plastic part of the release wave
profile, shown in Fig. 5a, c, which is assumed to represent
bulk response. This approach is thought to introduce neg-
ligible errors in estimating the shear stress. Note that the
presence of the plastic reload wave (from the copper
backing) from the initial shock state, Fig. 5b, obscures the
intersection of the QE reloading curve with the extension
of the bulk wave velocity curve at the extrapolated state u2
in Fig. 5b. However, reloading experiments conducted
with different impedance backings (either copper in ALRS-
4 or titanium in ALRS-2_Ti) even with different plastic
reshock velocities and thus different degrees of extrapola-
tion, have produced essentially identical shear stress esti-
mates when the two backing materials were compared;
suggesting that the extrapolation method is accurate.
Error Estimates
Errors arising in use of the self-consistent, ‘exact’ method
of analysis can be estimated from the general relation that




Fig. 5 Depiction of longitudinal and bulk Lagrangian wave speed measurements used for estimating the changes in shear stress occurring during
the QE unloading and reloading


















where c is Lagrangian wave velocity in the QE regions
for unloading and reloading, cL is the Lagrangian elastic
longitudinal velocity at the shock state, cB is the corre-
sponding Lagrangian elastic bulk speed at this state, and
u is the particle velocity. It is also noted that this relation
(Eq. 8) is similar for the approximate method in Eqs. 6 and
7.
Statistical errors are somewhat easier to define as these
arise in Lagrangian analyses primarily from uncertainties
in measured wave and particle velocities. As discussed in
the experimental section, the timing for making unloading/
reloading wave velocity measurements relies on accurate
determination of the shock velocity at the impact state.
This is determined from the known EOS of aluminum and
accurate impact velocities measurements (better than
0.2 %) to estimate the particle velocity (one-half the
impact velocity from symmetric impact) at the shock state.
The Sesame 3700 EOS for aluminum [10] was used to
determine the shock velocity needed in establishing the
initial unloading time for the aluminum impactor. This
EOS has been well established both theoretically and
experimentally so that shock velocities are known to within
about 1 % for experiments with the two-stage light gas
gun. Additionally, uncertainties in wave velocities (cL, cB)
also arise in timing and sample thickness, ±0.2 ns and
±0.3 lm, respectively. These errors produce an uncer-
tainty of approximately 0.3 % in determining wave
velocities. The three-stage shots, because of the 2 %
uncertainty of impact velocity, the errors increase to 2.5 %.
The quantities sc ? sH and sc - sH are determined from
the measured wave speeds as described in Eqs. 4–7.
Treating the systematic uncertainties in wave speed as
independent statistical errors we determine that the
uncertainty in estimating Ds for unloading or reloading for
the two stage experiments as approximately 3.5 and 25 %
for the unloading three-stage experiments (sc ? sH). Using
these values (sc ? sH and sc - sH) to estimate uncertain-
ties in sc and sH gives approximately 0.03 GPa for two-
stage shots. This correlates to an approximate uncertainty
in flow strength (Y) of approximately 5 and 20 % for two
and three stage experiments respectively.
In addition to statistical errors there are several sys-
tematic errors that have not been fully resolved. The
Table 3 Summary of shear strength, stress and strength of shocked aluminum
S# r
(GPa)
cEð Þ (km/s)b cBð Þ (km/s)b sc  shð Þ (GPa)d sc þ shð Þ (GPa)d sc (GPa) sh (GPa) QE Def QE Def Poisson’s
Ratio (m)
ALHUa 29.87c 9.295 7.495 0.73/0.80 0.0152 0.0191 0.33
ALRL-1 43.89 9.644 7.903 0.80/0.84 0.78 0.06 0.0145 0.0194 0.34
ALRS-7 42.10 9.891 8.115 0.65/0.72 0.0118 0.0156 0.34
ALRL-A5a 49.66 10.168 8.238 0.89/0.74 0.0111 0.0152 0.33
ALRL-2 M 62.33 10.502 8.594 0.82/0.73 0.67 0.07 0.0111 0.0157 0.34
ALRL-2D 62.28 10.191 8.537 0.66/0.66 0.63 0.02 0.0106 0.0149 0.36
ALRS-
2_Ti
62.26 10.553 8.857 0.68/0.60 0.0102 0.0130 0.36
ALRS-4 64.95 10.516 8.958 0.56/0.61 0.0094 0.0134 0.37
ALRL-3 77.55 10.826 8.863 0.94/0.82 0.75 0.07 0.0110 0.0163 0.34
ALRS-5 80.25 10.939 9.387 0.79/0.68 0.0113 0.0166 0.38
ALFLY-1 115.79 11.799 10.320 0.71/0.83 0.0085 0.0136 0.39
ALFLY-2 120.00 11.506 9.981 0.74/0.85 0.0087 0.0140 0.39
ALFLY-3 132.93 11.088 10.334 0.32/0.40 0.0074 0.0121 0.45
ALFLY-4 127.18 11.332 10.436 e/0.52 – – 0.44
ALFLY-5 145.99 11.024 10.639 0.19/0.21 0.0083 0.0139 0.47
HV-L1a 161.52 c c 0.0 0.50
a Experiments ALHU and HV-L1performed by Huang [24] and Furnish [25] respectively
b The initial Eulerian unloading and reloading velocity
c Previously reported in [25]
d Values described from ‘‘approximate/exact’’ methods of analysis
e Waveform not linear in the QE portion for accurate approximate method
f Quasi-elastic engineering Deð Þ and true Deð Þ strain for unloading and reloading respectively
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impedance mismatch between aluminum and LiF, which is
on the order of 2 % [32] has a relatively minor effect on the
unloading profile because the lower impedance of LiF
produces a small release wave originating from the first
shock arrival which elastically unloads the sample to a state
within its yield surface. A QE release wave model [34] was
used in simulating [3, 35] the measured release profile
(from previous work) that demonstrated that the impedance
mismatch for unloading provides no apparent systematic
error. However, the reloading experiments will have a
larger associated error. Again, as stated above, the sample
will unload within its yield surface, then elastic recom-
pression from this perturbed state followed by the plastic
wave to the upper yield surface will result for the reloading
experiments. This effect will be investigated in detail in
future work. This effect is minimized by proper window/
sample impedance matching and designing experiments to
maintain the interaction region to less than one quarter of
the sample thickness. This ratio was approximately main-
tained in the present experiments. Other statistical errors
include; (1) assuming the modulus over the QE portion on
the unloading and reloading profile is linear, (2) the errors
in the LiF EOS upon unloading. At this time the uncer-
tainties noted have not been taken into account and future
work will include these numerical simulations to estimate
errors from these different sources.
Estimation of Shear Strength
The results of sc ? sH and sc - sH for the unloading and
reloading experiments respectively, are listed in Table 3.
Additionally, comparisons of the ‘exact’ and ‘approximate’
method results are tabulated. The shear strength, sc and
shear stress, sH, listed in Table 3 were determined from the
measured values (sc ? sH and sc - sH) for the unloading
and reloading experiments.
The measured values of sc ? sH and sc - sH listed in
Table 3 are plotted in Fig. 6. Also shown are lower pres-
sure reload and unload experiments [2, 3] for 6061-T6
aluminum. Figure 6 summarizes the variation of shear
stress during unloading (Fig. 6a) and reloading (Fig. 6b)
with increasing shock stress.
The present data represents the first measurements of
sc ? sH (shear stress) above 40 GPa (for 6061-T6 alu-
minum) which shows a nearly constant value to a shock
stress of approximately 115–120 GPa where a large drop in
this (shear stress) quantity occurs. The shock stress level
(*120 GPa) is consistent with theoretical predictions for
the onset of melting in aluminum [36–38]. This correlation
will be discussed later in the paper.
As mentioned earlier the results for sc - sH show an
increase to approximately the same shear stress level (as
the unloading data) of about 40 GPa, followed by essen-
tially constant values for higher shock stresses. It should be
noted that for the elastic–plastic model the Ds for reloading
should remain at zero [1]. The large increase in this
quantity indicates strong departure from the basic elastic–
plastic model and further suggests that the shock state is
very close to being hydrostatic, even though the shear
strength itself is large. This unexpected response is dis-
cussed later in the paper. It is significant that the inde-
pendent measurements of Ds for unloading and reloading
show the same change in response at similar shock stresses,
suggesting a fundamental change in the hardening mech-
anism for sc.
As indicated earlier (listed in Table 3), the individual
shear stress components, sc and sH, are obtained by taking
the sum and differences of the Ds’s for unloading and
reloading. The resulting components are shown in Fig. 7
and arguably illustrates that the shear stress (sH) in the
shocked state is considerably less than the shear strength
(sc) at the same shock stress (for shock stresses above
40 GPa). As mentioned earlier these should be equal from
the elastic–plastic model. Further, the transitions in the
Ds’s for unloading and reloading are preserved in the
behavior of the individual shear stress components, as
illustrated in Fig. 7. At the lower shock stress levels, the
data suggests a deviation from the microband model [39]
where the shear stress, sH, should decrease with increasing
shock stress. Up to 30–40 GPa, it is shown that the shear
stress, sH, increases. However as the shock stress increases
(above 40 GPa), there is a dramatic decrease in the shear
stress sH (Fig. 7b). This behavior could indicate that there
are two softening mechanisms.
Material Strength
In most of the previous studies, it has been usually assumed
that initial shock loading produces a shear stress state equal
to the critical strength at the corresponding shock stress.
Studies on metals have suggested [26–28] that the initial
shear stress is not equal to the critical strength, but inter-
mediate between the critical shear strength (Fig. 1) and
zero, which corresponds to a hydrostatic state of stress [2,
3, 6, 31]. This assumption was necessary because reloading
experiments were not available to allow determination of
the shear stress state immediately after shock loading. The
current advance in experimental capabilities to launch
double impactors without the separation normally observed
for double impactor experiments, now allows clean
reloading data for estimating both the high-pressure
strength and the initial shear stress in the shock state.
In addition, for several non-metals, a state of initial
hydrostatic compression, or zero shear stress, has been
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observed for shock loading in the intermediate stress range,
even though the yield, or shear strength was found to be
finite and significantly larger than the ambient value [4, 7,
8].
This conclusion was derived from the observation that
the change in shear stress during unloading, sc ? sH, was
essentially equal to the change in shear stress, sc - sH for
reloading. With the usual assumptions that a yield surface
exists and that the change in shear stress is not rate-de-
pendent, this observation implies that the initial shear stress
state, sH, is zero and consequently that the shock state is
hydrostatic. Furthermore, these results emphasizes that
strength studies based on unloading data alone will provide
estimates of yield strength that are too low when the shock
state collapses to the hydrostat. Therefore, use of unloading
data alone to estimate parameters in strength models [40,
41] can result in significant error, which emphasizes the
need for additional shear stress path studies, such as
reloading data that can critically test the assumptions and
provide additional shear stress data.
Previous unloading experiments on 6061-T6 aluminum [2]
and pure aluminum [3] suggested that Ds for unloading uni-
formly increased as shock stress increased to about 40 GPa
and then decreased over the stress range up to about 100 GPa.
However, reloading experiments were not performed for
shock stresses above*20 GPa [2, 3] so it was not possible to
determine if the observed change was due to a change in the
critical strength or a decrease in the initial shear stress in the
shock state. The present unloading data confirms the earlier
results and also show that there is a corresponding change in
Ds for reloading. Both are observed to remain fairly constant
over the range of about 40–90 GPa as shown in Fig. 7.
Two principal mechanisms have been proposed to
explain the differences between the two shear stress com-
ponents in Fig. 7. One is a local hot spot mechanism [39]
that predicts an initial loss of shear strength due to transient
high local temperatures in hot spots that approach the
melting point of aluminum. Another is the local stress
oscillations caused by heterogeneous deformation due to
variation in properties at the mesoscopic scale [6].
(a) (b)
Fig. 6 Shear stress data for a unloading and b reloading experiments. An apparent change in sc ? sH and sc - sH for unloading and reloading is
shown to occur at about 40 GPa
(a) (b)
Fig. 7 The shear strength, sc, and the initial shear stress, sH, in the shocked state are plotted as a function of shock stress
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The present data are not sufficient to differentiate
between these two models. However, some general
observations can be stated about the observed shear stress
effects. The fact that sH is different from sc in the stress
range up to 40 GPa suggests either a softening mechanism
as in the Swegle–Grady model or a heterogeneous defor-
mation effect. However, the abrupt decrease in sH near a
shock stress of 40 GPa (Fig. 7b) suggests the onset of
another softening mechanism or possibly the transition
from a meso-scale mechanism to an internal softening
mechanism at this stress level. Several possibilities could
be hypothesized, including the concentration of deforma-
tional energy at imperfections such as grain boundaries at
the initial high shock loading strain rates achieved at
40 GPa (possibly as high as 1011/s) [42]. However, it is
noted that if a meso-scale effect alone were responsible for
the observed variation in shear stresses, this should con-
tinue to be important at high shock stresses and a transition
effect at 40 GPa would probably not occur. At this stage of
understanding, it is not possible to develop more specific
ideas about the apparent softening effects in the shock
induced resolved shear stress.
In Fig. 8 the actual flow strength can be estimated up to
approximately 80 GPa because the newly developed dou-
ble impactors provide a high quality measurement of the
shear stress change associated with reloading. This allows
independent determination of the critical shear strength and
the initial shear stress in the shocked state.
Recent ramp loading experiments [31] have shown that
sc - sH is smaller than that for shock loading (and thus
closer to the response expected from the elastic–plastic
model), so plotting the unloading as flow strength, Y, is a
better approximation but still gives rise to errors in esti-
mating the yield strength. For the reported ramp wave data
in Fig. 8 [31] we have used reported estimates for sc - sH
under ramp loading to correct the unloading data and
estimate the actual strength. The flow strength for the
three-stage experiments have also been plotted (Fig. 8).
These values were estimated by using the values of shear
stress (sH) shown in Fig. 7b as one limit for this quantity
and zero as the other limit. As shown in Fig. 7b, the value
sH above approximately 40 GPa appears to remain constant
at about 0.05. It is reasonable to assume that these values
will not increase and will only decrease to zero as full
melting is approached. Hence, the upper bound can be used
to determine flow strength in Fig. 8 which should be
accurate to about 0.16 GPa. Additional reloading experi-
ments are planned in this region to verify this assumption.
The Steinberg–Guinan [43] model is commonly used for
shock wave loading since it provides a suitable description
of strain hardening, pressure, and temperature dependence
that has been determined from experiments. The model can
reproduce experimental data to shock stresses of about
90 GPa. However, the model was developed on unloading
data so there are significant differences between the model
and the experiments performed by unloading and reload-
ing. Based on the model’s parameters, the resulting curve is
plotted in Fig. 8 as a solid line. Huang and Asay provided
an additional three-parameter function (applied to the
Steinberg model) for a plastic strain hardening term [3] to
simulate higher stress experiments and the ensuing curve is
shown as a dashed line in Fig. 8.
The data also shows that the unloading velocity (Fig. 9)
becomes essentially equal to the measured bulk velocity at
shock stresses of approximately 160 GPa, implying this to
be the boundary between solid–liquid and complete liquid.
These transitions are essentially consistent with the tran-
sition in yield strength and the theoretical expectations of
incipient melt at 120–125 GPa [36–38, 44] and complete
melting at 150–155 GPa [36–38] to within expected
uncertainties.
It is noted that the association of initial unloading wave
speeds with the onset of melting in aluminum is different
than that for copper. Hayes et al. [45] found that the change
from elastic longitudinal wave velocity to bulk velocity
during initial unloading corresponded with the onset of
melting, rather than the completion of melting, as for
aluminum. They ascribed the effect to the release of local
elastic energy stored at defects (such as grain boundaries)
in the copper sample, which results in premature melting. It
would be expected that shock-induced melting would be
similar for these two (aluminum and copper) face centered
cubic (fcc) metals, yet there is significant difference in
behavior which is not presently understood. Additional
Fig. 8 Strength of shocked aluminum from present and past two-
stage data compared with ramp loading, Steinberg–Guinan model,
and three-stage gun unloading data. Error bars are estimated from
‘‘Error Estimates’’ section from shock loading data and ramp loading
estimates from Vogler et al. [31]. Shaded area represents range from
onset of, to complete melt
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data are needed to resolve the apparent difference in
melting behavior for aluminum and copper.
Discussion
The present research represents a comprehensive study of
the dynamic behavior of aluminum over the shock stress
regime of 30–160 GPa. This investigation allows us to
probe the dynamic shear stress states of the material in the
shocked state. Many of the existing models of high pres-
sure strength are based on unloading profiles data only [40,
41]. It is the reshock and release configuration of experi-
ments used in this study that allows us to estimate the
complex nature of the material response. It is obvious that
the actual dynamic material response is a lot more complex
than simple elastic plastic behavior. It is anticipated that
these studies will motivate the development of new mate-
rial models which encompasses many of the new physical
processes identified in this investigation. A major objective
of the present research is to provide data on the strength of
materials at high pressure to develop better strength models
and to test existing models. However, as shown in Figs. 6
and 7, estimates of strength based on unloading data alone
can under-estimate the strength by up to a factor of two
(with respect to some existing strength models [40, 41] ).
The error is based on the value of sH. In the traditional
elastic–plastic model [1] the shock state in the plastic
region is assumed to be on the upper yield surface, so that
sH = sc therefore the change in shear stress during
unloading is equal to the flow strength. At lower shock
stresses in aluminum [2, 3, 6] this is a reasonable
approximation and the resulting error in estimating strength
from unloading alone is about 30 %. However, for shock
stresses above about 40 GPa, the reloading experiments
illustrate that the change in Ds is nearly equal to that for
unloading seen in Fig. 6. As shown in Fig. 7b, the resulting
sH is on the order of 0.05 GPa over the shock stress range
of 40–90 GPa, which implies that the shock stress is nearly
equal to the hydrostatic pressure. Because of this small
value the change in shear stress estimated from unloading
experiments is only about half of the flow strength, as
illustrated by the difference between the original Steinberg
model [41, 43] for the strength of aluminum and the pre-
sent data shown in Fig. 8. Also shown is a modification of
the original model developed from unloading and reloading
data on aluminum to about 20 GPa and extrapolated to
higher stresses [3]. The modified model fits shock data
reasonably well to shock stresses of about 40 GPa. As
mentioned earlier, the modified model changes the strain
hardening part of the Steinberg model without affecting the
pressure and temperature dependence.
As illustrated in Fig. 8, the original reported Steinberg
model under predicts significantly the strength of alu-
minum in the high pressure range. The large variation
between the model and experimental data for aluminum
suggests the possibility that similar discrepancies may exist
for other materials. Presently, the only direct way to
examine this issue is to perform reloading experiments,
similar to the present work on aluminum. The use of
reloading experiments has been previously limited by the
inability to produce a clean reloading from the shock state
because of slight separation of the double impactor during
launching. The present experiments have demonstrated that
this problem can be eliminated through use of explosively
bonded double impactors, which should make these
reloading experiments more routine. However, it is
emphasized that further work is needed to fully qualify a
suite of double impactors for reloading experiments to
ensure that the explosive welding process does not
adversely affect the measured data.
Another issue illustrated in Figs. 6, 7 and 8 is the abrupt
change in hardening behavior for aluminum beginning at a
shock stress of about 40 GPa. For stresses below this,
hardening can be described qualitatively by a pressure
dependence of shear modulus which describes the data
well, whereas above this stress, the data indicate essentially
no further increase in strength to the onset of melting near
120 GPa where the strength is observed to decrease rapidly
to zero near 150 GPa. At present, it is not clear why the
transition in hardening behavior at 40 GPa occurs. One
possibility is the production of localized hot spots, as
previously proposed by Swegle and Grady to explain
apparent softening of strength in aluminum, followed by
recovery after initial shock compression. They found that
Fig. 9 Variation in longitudinal and bulk velocities with shock stress.
Current work defines the change in unloading velocity from the onset
of melting, into the mixed-phase, and further into the liquid phase as
the initial unloading velocity becomes equal to the assumed bulk.
Closed symbols represent longitudinal velocities. Closed symbols
represent bulk velocities
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this effect is highly rate dependent. It is noted from the
fourth power law for strain proposed by Swegle and Grady
that if this relation continues to hold for stresses from about
10 GPa to the present levels, that the rise time of the shock
is on the order of 1 fs, with an associated strain rate of
about 1011/s. It is not presently clear what deformation
mechanisms could operate at these rates to explain the
change in hardening behavior at 40 GPa. Furthermore, the
increasing proximity of the onset of melting above 40 GPa
could produce an increased number of hot spots that could
prevent additional hardening. Additional study is needed to
understand this behavior and to develop an accurate
strength model for extreme shock stresses and strain rates.
Summary
A series of experiments was performed to determine the
complex strength behavior of aluminum in the shocked
state from 30 to 160 GPa. As reported in this paper and [2–
4, 7, 8] both shock/reshock and shock/release experiments
are necessary to fully understand the shear stress state and
the shear strength of a material in the shocked state. A
novel technique utilized explosive welding techniques to
form bimetallic copper/aluminum impactors for use in
reshock experiments. The results of this study can be
summarized as follows:
1. A new bonding technique was developed which uses
bimetallic samples as impactors for reshock exper-
iments extending the previous reshock experiments
conducted in aluminum from *20 GPa to over
80 GPa. It is currently limited by the maximum
velocity that can be achieved on the two-stage light
gas gun.
2. Three-stage light-gas guns have been used to extend
shock/unload studies utilizing symmetric impact
configurations to probe aluminum over the shock
stress regime from 80 to 160 GPa at impact veloc-
ities approaching 10 km/s.
3. The experiments have allowed us to define (a) the
stress/pressure dependent yield surface shear
strength of the material, sc, up to 80 GPa and
(b) the shear stress state sH of aluminum up to
80 GPa.
4. Upon unloading, sc ? sH increases up to 40 GPa and
is found to be relatively constant over the stress
regime of 40–120 GPa. Beyond 120 GPa there is a
rapid and monatomic decrease of sH ? sc to
160 GPa and at which it becomes zero.
5. Upon reloading sH - sc increases up 40 GPa and
remains relatively constant up to 80 GPa. Currently
there are no measurements of sH - sc at shock
stresses over 80 GPa.
6. The shear strength after shock loading, sc, increases
up to 40 GPa and remains relatively constant from
40 to 80 GPa.
7. The shear stress (sH) of the material appears to reach
a maximum at around 25–40 GPa and appears to
decrease to about 0.05 GPa at approximately
40 GPa. This suggests that the shock Hugoniot
collapses to a dynamic hydrostat.
8. The rapid strength decrease over the stress regime of
120 to 160 GPa is a clear indication of the onset of
melt at around 120 GPa and melt completion at 160
GPa.
9. The Eulerian wave speed measurements also cor-
roborate the onset of melt from 120 to 160 GPa.
There is a rapid decrease in the longitudinal (elastic)
wave velocities starting from 120 GPa and transi-
tioning totally to bulk wave velocity at 160 GPa.
10. The stress dependent melt behavior observed in
wave profiles for shock stresses from 120 to
160 GPa is consistent with time-dependent nonequi-
librium melt behavior.
11. This work is believed to be the first ‘in-situ’ type
measurements to estimate both wave velocities and
strength properties of aluminum during shock load-
ing that describe material behavior from the solid to
the onset of melt to the liquid phase. The wave
profile analysis provides information on the transi-
tion as well as information on Poisson’s ratio (t). As
seen in Fig. 10, t, remains at the initial value of
approximately 0.33 for shock stress states in the
solid phase to over 60 GPa, then it increases to 0.39
at the onset of melt (*120 GPa) and continues
toward 0.5 until melt is complete (*160 GPa).
Fig. 10 sc ? sH is shown with shock stress and calculated values for
Poisson’s ratio. Error bars of 3.5 and 25 % represent the error
approximation for the change in shear stress for unloading wave
profiles for the two and three stage gun experiments, respectively
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12. Finally, these results emphasize that yield strength
studies based on unloading data alone will provide
estimates of yield strength that are too low, by up to
a factor of two for shock stresses exceeding 40 GPa
in aluminum. Therefore, use of unloading data alone
to estimate parameters in strength models [40, 41]
can result in significant error, which emphasizes the
need for additional stress path studies, such as
reloading data that can critically test the assumptions
and provide additional data on yield response at high
shock stresses.
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